Cyclic GMP appears to be important in visual excitation (1) (2) (3) . Electrophysiological.studies have shown that cyclic GMP depolarizes the plasma membrane of rod outer segments (ROS) within milliseconds after being injected intracellularly and that it increases the latency of the light-induced hyperpolarization (4) . A single photolyzed rhodopsin molecule can lead to the hydrolysis of more than 105 molecules of cyclic GMP (5, 6) . This large gain is achieved in two stages (7) : the first is the activation ofhundreds ofphosphodiesterase molecules (5) , and the second is the hydrolysis ofabout a thousand cyclic GMP molecules per sec by each activated phosphodiesterase (8, 9) . Photolyzed rhodopsin catalyzes the exchange ofGTP (or guanosine 5'-[3, y-imido]triphosphate) (p[NH]ppG), a nonhydrolyzable analog of GTP) for GDP bound to disc membranes (10, 11) . We observed a high degree of amplification (==500) in this exchange and proposed that the GTP complex ofa regulatory protein activates the phosphodiesterase whereas the GDP complex does not (11) . We report here experiments designed to test the hypothesis (11) that the flow ofinformation in the cyclic nucleotide cascade is R* *T-GTP o PDE* 1 =500 =500
in which R* denotes photolyzed rhodopsin, T-GTP denotes the GTP complex of the regulatory protein, and PDE* denotes the active-form ofthe phosphodiesterase. This scheme predicts that T-GTP can be formed in vitro in the absence of phosphodies- (12) . ROS were isolated as described (11) , except that the 35% (wt/vol) sucrose flotation step was carried out only once to minimize losses of the phosphodiesterase and transducin. Reconstituted membranes containing hydroxylapatite-purified rhodopsin and phosphatidylcholine at a molar ratio of 1:125 were prepared by dialysis (13) . These membranes were devoid of phosphodiesterase and transducin.
Buffer A (extraction buffer) consisted of 5 mM Tris-HCl, 0.5 mM MgCl2, 0.1 mM.phenylmethylsulfonyl fluoride (PhMeSO2F), and 1 mM dithiothreitol, at pH 7.5. Buffer B (hexylagarose chromatography buffer) was 10 mM 4-morpholinepropanesulfonic acid (Mops), 2mM MgCl2, 0.1. mM PhMeSO2F, and 1 mM dithiothreitol, at pH 7.5. Buffer C (high-pressure liquid chromatography buffer) was 20 mM Mops, 100 mM.Na2SO4, 1 mM dithiothreitol, 0.1 mM PhMeSO2F, and 1.5 mM MgCl2, at pH 7.2. Buffer D (reconstitution assay buffer) was 60 mM KC1, 30 mM NaCl, 2 mM MgCl2, 10 mM Mops,.1 mM dithiothreitol, and 0.1 mM PhMeSO2F, at pH 7.5.
Assays. Protein concentrations were determined by the Coomassie blue binding method (14) , with bovine serum albumin as a standard. NaDodSO4/polyacrylamide gel electrophoresis was performed with a 10-18% polyacrylamide gradient (15) .
GTPase activity was assayed by-measuring the formation of radioactive orthophosphate (16) . The assay mixture contained 10 "M [y-32P]GTP, 300 mM NaCl, and 10 .,M photolyzed rhodopsin (in reconstituted membranes) in buffer B. A 20-ptl aliquot ofeach column fraction was added to 20 ,uL.ofthis assay mixture. After a 5-min incubation at 230C, the reaction was stopped by addition of perchloric acid containing potassium phosphate; orthophosphate was then precipitated by addition ofammonium molybdate. The orthophosphate precipitate was collected by filtration andwashed six times, and the radioactivity retained by p.M photolyzed rhodopsin in reconstituted membranes, and 300 mM NaCl. After a 1-hr incubation at 40C, 2 ml of ice-cold buffer B containing 10 mM NaCl was added, and the mixture was immediately filtered through a 0.45-pAm type HA Millipore filter. This filter retained nucleotide bound to protein but not free nucleotide. The filter was washed three times with 2 ml of this buffer and its radioactivity was measured. The recovery of bound nucleotide was about 65%.
Phosphodiesterase activity was assayed' by a modification of a described method (17) . Samples were assayed in 0.1 ml of buffer C containing 2 mM cyclic GMP, cyclic [3H]GMP (250,000 dpm), and 5'-['4C]GMP (10,000 dpm). 5'-[14C]GMP served to monitor the recovery of the 5'-[3H]GMP product of the phosphodiesterase reaction. Each assay was initiated by addition of cyclic GMP. The sample was incubated on ice for 2 min, and the reaction was terminated by adding 0.1 ml of20 mM nonradioactive cyclic GMP and boiling the mixture for 2 min.'The 5'-[3H]GMP product was converted to [3H]guanosine by addition of0.5 ml ofsnake venom (0.2 mg/ml) and incubation at 30°C for 15 min. This mixture was applied to a 0.7 X 2 cm DEAE-Sephadex column, and the [3H]guanosine was eluted with 2 ml ofdistilled H20. 3H and 14C were measured in the eluant.
RESULTS

Isolation of Transducin. Transducin extracted from ROS by
Kuhn's procedure (18) (8) .
chromatography on hexylagarose (Fig. 1 ). This step also removed unbound guanyl nucleotides. A small amount ofprotein impurity was eluted by 75mM NaCI. An increase in salt concentration to 300 mM led to the elution of a protein fraction with GTPase activity and p[NH]ppG-binding (or GDP-binding) activity when assayed in the presence ofreconstituted membranes containing photolyzed rhodopsin. NaDodSO4/polyacrylamide gel electrophoresis (Fig. 1 Inset) showed that these fractions contain three polypeptides, which we designate T,, (39 kilodaltons), Tp (36 kilodaltons), and T, (""10 kilodaltons). These polypeptides were similar to those found previously (18, 19 (Fig. 3C) . The NaDodSO4/polyacrylamide gel electrophoresis pattern.ofthese fractions (Fig. 3D) 
(SEM).
One or more of the subunits oftransducin probably interacts with the matrix of the high-pressure liquid chromatographic column because their separation was greater than expected on the basis ofgel filtration alone. The separation of T.,, from Tp and TY by high-pressure liquid chromatography was much better when p[NH]ppG was bound than in its absence. In particular, it was not feasible to obtain Ta free of Tp and Ty. The simplest interpretation is that T, is dissociated from Tp and T. when (Fig. 4) .
DISCUSSION
How does a single photolyzed rhodopsin molecule activate several hundred phosphodiesterase molecules? Our experiments indicate that this activation occurs in two stages. First, transducin-GTP is formed in an exchange reaction that is catalyzed by photolyzed rhodopsin. Then, transducin-GTP switches on the phosphodiesterase. The first reaction can occur in the absence of photolyzed rhodopsin. Hence, information flows from photolyzed rhodopsin to transducin-GTP and then to the phosphodiesterase. A reaction scheme based on these findings is shown in Fig. 5 . Amplification is achieved in the first part ofthe cycle in going from transducin-GDP to transducin-GTP. Several hundred transducin-GTP molecules are formed per photolyzed rhodopsin molecule (11) . Binding studies (18) have shown that transducin-GDP has high affinity and that transducin-GTP has low affinity for photolyzed rhodopsin (R*), which would enable R* to recycle rapidly and catalyze many exchanges of GTP for bound GDP. Conversely, it seems likely that transducin-GTP has high affinity and that transducin-GDP has low affinity for the phosphodiesterase, which would enhance its capacity to serve as an excitation carrier after illumination. The GTPase activity of transducin is an essential part of the deactivation mechanism that returns the system to the dark state. The cycle proposed here is reminiscent of the elongation factor Tu-Ts cycle in protein synthesis, which is also driven by the hydrolysis of GTP (20) . The affinities of transducin and elongation factor Tu for other proteins depend on whether GTP or GDP is bound to them. An even closer analogy, perhaps even a homology, is provided by the mechanism ofactivation ofadenylate cyclase. A guanyl nucleotide-binding protein has been shown to be the information-carrying intermediate between a hormone receptor and adenylate cyclase (21) .
Our experiments raise several questions concerning the roles of the v and y subunits of transducin. First, are they required for the catalyzed uptake of GTP by the a subunit of transducin? Second, do the a and y subunits contribute to the GTPase activity of the transducin complex? A direct way of answering these questions would be to isolate the complex of the a subunit with either GTP or GDP and determine the effects on its properties of adding the f3 and y subunits. However, p[NH]ppG bound to the a subunit cannot readily be displaced by GTP or GDP, and so this experiment is not yet feasible. It may be necessary to prepare Ta-GDP in a different way. Third, are the a and ysubunits required in addition to Ta-GTP for the activation of the phosphodiesterase? The experiment shown in Fig. 4 indicates that TGt-GTP is the information-carrying species but it does not rule out the possibility that To and T, also participate in the activation process. A small amount ofthese subunits was present in the unilluminated membranes used to assay the activation ofthe phosphodiesterase. This question could be answered by preparing a reconstituted system free ofTo and T. It will also be interesting to learn how Ta,-GTP activates the phosphodiesterase. The activation of this enzyme by the limited proteolytic action of trypsin suggests that the intact phosphodiesterase is subject to an inhibitory constraint (8, 19) . The maximal enzymatic activity attainable by the addition of Ta-p[NH]ppG is nearly the same as that produced by tryptic digestion (Fig. 4) . The simplest interpretation is that the addition of this species (or of Ti-GTP) removes the same inhibitory constraint as does the proteolytic action of trypsin. Ti-GTP might bind an inhibitory subunit of the phosphodiesterase or it might compete with such a subunit for binding to the phosphodiesterase. Alternatively, Ti-GTP might activate the phosphodiesterase by binding to the enzyme-inhibitor complex and altering the interaction of the inhibitory subunit with the catalytic subunit of this enzyme.
